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A b s t r a c t -Recent advances have taken p l a c e i n o p t i c a l p u l s e generation techniques pushing o p t i c a l p u l s e widths down i n t o t h e femtosecond domain. Time resolved r e f l e c t i v i t y measurements a t v a r i o u s wavelength a r e presented and i n t e r p r e t e d i n t h e forme of very simple models.
I . C o l l i d i n g Pulse Modelocked Dye Laser.
The development of t h e c o l l i d i n g p u l s e modelocked (C.P.M.) dye l a s e r , i n 1981, has allowed t h e g e n e r a t i o n of o p t i c a l p u l s e s i n t h e subpicosecond regime /1,2/. Figure I shows t h e r i n g c o n f i g u r a t i o n of t h e l a s e r c a v i t y which c o n t a i n s two eleme n t s : an o p t i c a l l y pumped s a t u r a b l e g a i n medium (Rhd 6G) and a s a t u r a b l e absorber (DODCI). The mechanism f o r t h e o p t i c a l p u l s e shaping i s based on t h e p r e f e r e n t i a l absorption of t h e l e a d i n g edge of t h e p u l s e by t h e s a t u r a b l e absorber and preferen t i a l a m p l i f i c a t i o n on t h e l e a d i n g edge of t h e o p t i c a l p u l s e by t h e gain dye. This e f f e c t i v e l y s h o r t e n s t h e p u l s e with each pass around t h e c a v i t y u n t i l t h e l i m i t i n g p u l s e width i s achieved. The b a s i c l i m i t a t i o n i s group v e l o c i t y d i s p e r s i o n i n s i d e t h e c a v i t y . 
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JOURNAL DE PHYSIQUE
The additionnal mechanism operative in the colliding pulse configuration is the interaction of the two counter propagating pulse stream present in the ring laser cavity. These two pulse streams "collide" in the saturable absorber. Synchronization of the two oppositely directed pulse streams occurs because the cavity losses are minimum when the pulses are superimposed in the saturable absorber. The pulses interfere and set-up a standing-wave pattern in the absorber jet which further minimizes the losses.
The shortest optical pulses, in the range 65 to 90 fs, are produced with a thin (10 um) saturable absorber medium which confines the standing wave field. The separation between the gain and saturable absorption media is chosen to be 114 of the total cavity length, which allows identical amplification for the two counter propagating pulses. Figure 2 shows the experimentally measured autocorrelation function of the produced pulses, using second harmonic generation (S.H.G.) in a thin (100pm) crystal of K.D.P.. The optical pulse width deduced from the autocorrelation function is 65 fs.
The operating wavelength of such a dye is 620 nm, with energy per pulse less than In.1 at a repetition rate of 100 MHz, depending on the cavity length. 
Ultrashort Optical Pulses Amplification.
With such a low energy per pulse it is necessary to amplify these ultrashort optical pulses if one wants to highly photoexcite semiconductors. This is done using a four stages dye amplifier pumped by a frequency doubled Nd : YAG laser (10 Hz rep.rate). 70 femtoseconds optical pulses have been amplified to peak pulse powers of several gigawatts. 131.
Short duration and high power of the amplified femtosecond pulses introduce new problems : group velocity dispersion in the dye solvent and amplifier optics causes significant temporal broadning ; the light pulse intensity causes non linear generation of new frequency components which destroys the linear frequency sweep in the pulse spectrum.
The non linear effects are limited by the use of a multistage amplifier (Figure 3 ) , a careful choice of dyes and gain levels in the different stages and by the use of saturable absorbers after each stage, to avoid preferential amplification of the l e a d i n g edge of t h e p u l s e s . The use of s a t u r a b l e a b s o r b e r s a l s o p r o v i d e s i s o l a t i o n of t h e d i f f e r e n t s t a g e s .
The o u t p u t p u l s e s a r e t h e n o n l y l i n e a r l y c h i r p e d b y t h e group v e l o c i t y d i s p e r s i o n through t h e v a r i o u s t r a n s p a r e n t media of t h e a m p l i f i e r . 
PULSE
P u l s e Compression Technique. I n o r d e r t o r e c o v e r t h e o r i g i n a l p u l s e w i d t h one h a s t o recompress t h e broadened o p t i c a l p u l s e s a t t h e o u t p u t of t h e a m p l i f i e r .
More than a n decade ago G i r e s and T o u r n o i s / 4 / and Giordamine, e t a 1 / 5 / proposed s h o r t e n i n g o f o p t i c a l p u l s e s u s i n g compression t e c h n i q u e s analogous t o t h o s e used a t microwave f r e q u e n c i e s . The a c t u a l d e s i g n of a n o p t i c a l compressor i s du t o Treacy / 6 / and i s simply a p a r a l l e l p a i r of g r a t i n g s . Each wavelength p a s s i n g through t h e p a i r i s d i f f r a c t e d a t a d i f f e r e n t a n g l e by t h e f i r s t g r a t i n g and r e c o ll i m a t e d by t h e second one. The end r e s u l t i s a wavelength dependent o p t i c a l p a t h .
Such a g r a t i n g p a i r i s set-up a t t h e o u t p u t of t h e a m p l i f i e r ( F i g u r e 3) and compens a t e s f o r t h e group v e l o c i t y l i n e a r c h i r p i n t h e p u l s e s . I n t h i s way i t is p o s s i b l e t o c u r r e n t l y a c h i e v e 90 f s o p t i c a l p u l s e s i n t h e gigaw a t t power regime, w i t h 10
Hz r e p e t i t i o n r a t e , a t a wavelength of 620 nm.
White L i g h t Generation. The C.P.M. dye l a s e r and i t s a m p l i f i e r a r e n o t t u n a b l e . For s p e c t r o s c o p i c purposes t h i s d i f f i c u l t y i s overcomed by t h e g e n e r a t i o n of w h i t e l i g h t c o n t i n u a . T h i s i s done by f o c u s i n g g i g a w a t t a m p l i f i e d 90 f s d u r a t i o n p u l s e s a t 620 nm i n t o a t h i n
(500 urn) j e t of e t h y l e n e g l y c o l a c t i n g a s a non l i n e a r medium / 7 / . A c o m p l e t e l y r e f l e c t i v e o p t i c s i s used t o minimize group v e l o c i t y d i s p e r s i o n e f f e c t s . I n t h i s way e f f i c i e n t p r o d u c t i o n of w h i t e l i g h t c o n t i n u a e x t e n d i n g from 1000 nm t o 430 nm, w i t h time sweeps a s s m a l l a s 10 f s / 1 0 0 nm, i s a c h i e v e d .
Various non l i n e a r p r o c e s s e s a r e expected t o b e r e s p o n s i b l e f o r t h e wide e x t e n s i o n of t h e continuum, b u t due t o t h e s t e e p time v a r i a t i o n o f t h e e x c i t i n g p u l s e enveloppe, s e l f -p h a s e modulation becomes a s i z a b l e e f f e c t i n t h e femtosecond regime, even w i t h v e r y small non l i n e a r c o e f f i c i e n t ( n %10-]3 e . s . u ) and t h i n media /a/. There-2 f o r e s e l f -p h a s e modulation i s expected t o a c t a s a s e e d f o r t h e v a r i o u s four-wave mixing p r o c e s s e s i n v o l v e d i n the continuum g e n e r a t i o n . Unlike i n t h e picosecond regime 191 t h e s e non l i n e a r p r o c e s s e s do n o t need t o s t a r t from t h e quantum n o i s e and should t h e r e f o r e be more e f f i c i e n t l e a d i n g t o t h e v e r y broad c o n t i n u a observed.
Highly Photoexcited S i l i c o n .
In t h e experiments reported h e r e , we u t i l i z e t h e previously described femtosecond o p t i c a l p u l s e techniques t o e x c i t e a dense electron-hole plasma i n c r y s t a l l i n e S i l i c o n and t o measure t h e induced r e f l e c t i v i t y changes a s a f u n c t i o n of wavelength time and e x c i t a t i o n energy 1101.
The experimental arrangement i s shown on Figure 4 . A 90 f s pulse from t h e amplified C.P.M. dye l a s e r i s s p l i t i n t o two p u l s e s , forming a pump and a probe p u l s e . The probe pulse i s focused i n t o a c e l l containing D20 t o generate a Ghite l i g h t c o n t inuum p u l s e . The pump p u l s e i s focused t o about 150 p m i n diameter and t h e c e n t r a l 10% of t h e probing a r e a is imaged onto t h e imput spectrometer s l i t . The (111) s i l icium wafer i s moved i r ? a r a s t e r p a t t e r n s o t h a t each l a s e r pulse s e e s a f r e s h region.
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F i . 4 , Experimental set-up used i n the measure of time resolved r e f l e c t i v i t y of *ally excited silieun.
The Figure 5 shows t h e log of t h e r e f l e c t i v i t y change a s a f u n c t i o n of time and pump i n t e n s i t i e s a t t h r e e d i f f e r e n t w a v e l e n g t h : 100 nm, 678 nm and 440 nm. The pulse threshold Eth = 0. 1.J/cm2 i s defined by t h e formation of a c l e a r l y v i s i b l e amorphous l a y e r .
The pump p u l s e d i r e c t l y e x c i t e s an electron-hole plasma i n a t h i n l a y e r on t h e S i s u r f a c e having a depth d = a-l = 3 pm a t 620 nm. I n t h e simple Drude model f o r the r e f r a c t i v e index of t h e plasma :
where n , i s t h e r e f r a c t
i v e index f o r t h e c r i s t a l l i n e s i l i c o n , N t h e plasma d e n s i t y , mX t h e e f f e c t i v e mass, c C t h e d i e l e c t r i c c o n s t a n t of the c r y s t a f .
A t an e x c i t a t i o n l e v e l below t h e melting t h r e s h o l d Eth (Figure 5 a ) , t h e r e f l e c t i v i t y decreases immediately following e x c i t a t i o n , i n d i c a t i n g t h a t the plasma frequency up i s l e s s than t h e probre frequency w . From he minimum of r e f l e c t i v i t y one can
deduce a plasma d e n s i t y of the o r d e r Pip ' 61050cm-3 assuming a reduced e f f e c t i v e mass f o r the e l e c t r o n and holes mX = 0.12 m o I l l / . This e s t i m a t i o n i s n o t very accurate depending on t h e e f f e c t i v e reduced mass used. Also based on r e s u l t s o b t a ined i n h e a v i l y doped s i l i c o n 1121 t h e e l e c t r o n e f f e c t i v e mass has been shown t o double f o r c a r r i e r concentration around 5 1 ~~l c m -~.
For e x c i t a t i o n l e v e l s a t Ipm, t h e r e f l e c t i v i t y sharply i n c r e a s e s a f t e r t h e p u l s e (Figure 5 a ) . W e expect under t h e s e c o n d i t i o n s the plasma frequencyto exceed t h e probing frequency giving a plasma m e t a l l i c r e f l e x i o n . This i s i n c o n t r a s t with the slower r i s e i n r e f l e c t i v i t y f o r h i g h e r frequency i n Figure 5b , 5c (with the exception of t h e higher e x c i t a t i o n l e v e l a t 678 nm). Therefore, t h e plasma wavelength a t E t h l i e s between 1pm and 678 nm, which i s c o n s i s t a n t with t h e estimated value f o r the plasma d e n s i t y .
Fig.s. Transient ref l e c t i v i t y of s i l i c o n at: three probe wavelengths followings a 90 femtosecond e x c i t a t i o n pulse a t 620 nm.
It h a s been shown (COMBESCOTM., BOK J . , P r i v a t e Communication) t h a t , f o r such plasma d e n s i t i e s , Auger r e c o m b i n a t i o n a c c u r a t l y a c c o u n t s f o r t h e slow r e c o v e r y o f t h e r e f l e c t i v i t y a f t e r e x c i t a t i o n below t h r e s h o l d a t Ipm.
I n r e f e r e n c e 10 t h e f r e e e l e c t r o n mass was used i n e s t i m a t i n g t h e plasma d e n s i t y Thus f a r t h e r e f l e c t i v i t y change h a s o n l y b e d e s c r i b e d i n t h e f i r s t few hundred femtoseconds i n terms of a dense s o l i d s t a t e plasma. At l a t e r t i m e s f o r i n t e n s i t i e s n e a r and above t h r e s h o l d c o n s i d e r a b l e s t r u c t u r e i s observed i n t h e r e f l e c t i v i t y spectrum. The r e f l e c t i v i t y change i s observed t o i n c r e a s e t h e n changes s i g n and then i n c r e a s e t o a p l a t e a u v a l u e w i t h i n t h e f i r s t picosecond and a h a l f . T h i s b e h a v i o u r can b e u n d e r s t o o d by c o n s i d e r i n g a t h i n molten l a y e r expending from t h e s u r f a c e i n t o t h e b u l k w i t h a v e l o c i t y V. Using t h e o p t i c a l p r o p e r t i e s of molten S i / I 3 1 and t h i n f i l m o p t i c a l f o r m u l a s , we f i n d t h a t d e s t r u c t i v e i n t e r f e r e n c e between t h e wave r e f l e c t e d from t h e a i r melt i n t e r f a c e and t h e m e l t s o l i d s t a t e plasma i n t e r f a c e lowers t h e i n t e n s i t y of t h e r e f l e c t e d beam. S i n c e t h e S i m e l t i s h i g h l y a b s o r b i n g , t h e o p t i c a l r e f l e c t i v i t y becomes dominated by t h e o p t i c a l p r o p e r t i e s o f m e l t e d S i l i c o n when t h e m e l t f r o n t h a s p e n e t r a t e d more t h a n an a b s o r p t i o n d e p t h f o r t h e p r o b i n g r a d i a t i o n .
The v e l o c i t y of t h e m e l t f r o n t and t h e p l a t e a u r e f l e c t i v i t y were l e f t a s f r e e p a r am e t e r s of t h e f i t t o t h e d a t a . W e f i n d t h a t a s i n g l e m e l t f r o n t v e l o c i t y of 6.2 x lo5 cm/s c l o s e l y matches t h e r e f l e c t i v i t y f o r a l l observed wavelengths f o r a n e x c i t a t i o n of 1.0 E t h . This v a l u e i s n e a r t h e v e l o c i t y of sound i n c r y s t a l l i n e S i l i c o n . I n a s i m i l a r manner, we f i t t h e d a t a a t 1.26 Eth and found a m e l t f r o n t v e l o c i t y of 9 x lo5 cm/s. To e x p l a i n t h e r a p i d l y u s i n g r e f l e c t i v i t y a t 2. For a l l t h r e e p r o b i n g wavelengths t h e f i n a l p l a t e a u v a l u e of t h e r e f l e c t i v i t y matches t h e m e l t e d s i l i c o n r e f l e c t i v i t y f o r an e x c i t a t i o n energy 2 . 5 x Eth. A s t r i k i n g and n o t c l e a r l y understood f e a t u r e i s t h e dependence o f t h e f i n a l p l a t e a u r e f l e c t iv i t y on t h e e x c i t i n g energy below 2.5 x Eth.
At t h e h i g h e s t e x c i t a t i o n l e v e l o f 4 . 0 E t h , t h e c r y s t a l i s damaged and t h e r e f l e c t iv i t y v a r i a t i o n i s p r o b a b l y du t o a combination o f plasma e m i s s i o n and s c a t t e r i n g e f f e c t s .
A unique a s p e c t o f t h e s e e x p e r i m e n t s i s t h a t by e x c i t i n g t h e s i l i c o n s u r f a c e w i t h a s h o r t 90 f s o p t i c a l p u l s e , we have been a b l e t o c r e a t e a p r e v i o u s l y unobserved u n s t a b l e form of h i g h l y excj.ted S i l i c o n which p e r s i s t s f o r a f r a c t i o n o f a p i c o s econd. The p r o p e r t i e s of t h i s m a t e r i a l remain t o be determined i n d e t a i l . W e o b s e r v e a p p a r e n t m e l t i n g t o t a k e p l a c e a f t e r t h e e x c i t a t i o n r a t h e r t h a n d u r i n g t h e e x c i t i n g p u l s e .
